Inorganic phosphors that emit near-infrared (NIR) light are highly valued as fluorescent probes for in vivo imaging of biological tissue. NIR-imaging, however, is limited by the paucity of probes that emit over the NIR-II window (10001400 nm). We are interested in exploring the potential of double-layered perovskite structures harboring lanthanide ions as NIR-II fluorescent probes. In this report, we describe the synthesis, and characterization of the photoluminescence, afterglow and thermoluminescence of Nd 
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5) The absorption coefficients of endogenous molecules and water are very low in the NIR-I window, which allows one to generate higher contrast images of NIR-labelled structures in tissue. One can extend the range of NIR-imaging to the NIR-II window (10001400 nm) by using InGaAs-CCD detectors. 6) Hong Jie Dai and his group have recently shown NIR-II fluorescence images recorded from samples decorated with NIR-II probes are of higher contrast compared to images recorded in the NIR-I window. 7), 8) Relatively few fluorescence probes emit light in the NIR-II window, and include single-walled carbon nanotubes, 9) cadmium-based quantum dots, 10) and large aromatic organic probes. 11) Consequently, an intense effort is underway to develop new nontoxic and biocompatible NIR-II probes for in vivo imaging. 12) Nd 3+ ions are well-suited for NIR-II optical imaging owing to their strong emission bands centered at 900 nm, 1060 and 1340 nm that correspond to transitions from the excited state 4 F 3/2 to different 4 I J states (J = 9/2, 11/2, 13/2). The electric dipole 4f4f transition of trivalent rare-earth ions, however, is a parityforbidden transition and so it has a low extinction coefficient. ) to Nd 3+ . 13), 14) We, on the other hand, elected to explore non-centrosymmetric structures as host crystals for lanthanide ions to realize an efficient radiative transition in Nd 3+ without the need for co-doped (sensitizer) ions this condition arises because, depending on the site symmetry of a host crystal, the electric dipole of the 4f4f transition is partly allowed. 15) This led us to explore the potential of noncentrosymmetric crystals doped with Nd 3+ ions as a new class of NIR-II probe. RuddlesdenPopper phases are expressed by the general formula A n+1 B n O 3n+1 (A = alkaline, alkaline earth or rare earth metal element, B = transition or typical element, n = 1, 2,¨), 16) , 17) where n is the number of layers of octahedra in the perovskite-like stack of mono-layers (n = 1, e.g. Sr 2 SnO 4 ), double-layers (n = 2, e.g. Sr 3 Sn 2 O 7 ), and ordinary perovskite structure (n =¨, e.g. SrSnO 3 ). The double-layered Sr 3 Sn 2 O 7 compound has a non-centrosymmetric structure that originates from the condensation of complex oxygen octahedral distortions. 18) This structure produces unique optical properties, including mechanoluminescence and photoluminescence (PL). Indeed, in an earlier study we showed the luminescence of Sm 3+ -doped Sr n+1 Sn n O 3n+1 (n =¨, 1, 2) was influenced by the intra-layer configuration, 19) with the PL and piezoluminescence intensities increasing in the order SrSnO 3 did not affect the appearance of the particle. The particle size used for in vitro and in vivo applications is generally required <200 nm, while the Sr 3 Sn 2 O 7 :Nd 3+ grain contained small particles with diameters on the order of several micrometers due to crystal grain growth via solid-state reaction process at high temperature. Figure 1( 4 I J (J = 9/2, 11/2, 13/2). 20) As shown in the figure insets, NIR PL intensities were affected by the intra-layer configuration, for example, the PL intensity of Sr 3 Sn 2 O 7 :Nd 3+ was 10 2 times higher than that of SrSnO 3 :Nd
3+
. The PL enhancement process may arise from a local lattice relaxation around the rare-earth ion in the two-dimensional structures, which would be similar to other RuddlesdenPopper phases. These studies suggest Sr 3 Sn 2 O 7 :Nd 3+ , a double-layered compound without doped co-ions, is a promising NIR-PL probe. Moreover, we note Sr 3 Sn 2 O 7 :Nd 3+ belongs to a small class of materials that show NIR PL over the two optical windows of biological tissue (NIR-I window: 650950 nm and NIR-II window: 10001400 nm). The PL excitation spectrum monitored at 1079 nm PL emission contained small sharp peaks centered at 585, 748 and 806 nm [see Fig. 2(b) 20) We observed an intense PL excitation spectrum using short wavelength excitation ( < 300 nm); this peak was ascribed to the fundamental absorption edge of Sr 3 Sn 2 O 7 host crystal [see Fig. 2(b) ions that lead to the NIR afterglow as those shown in Fig. 2(d) .
Thermoluminescence is a powerful tool to determine the charge trap levels of inorganic phosphors. The Th-L glow curves of Sr 3 Sn 2 O 7 :Nd 3+ were measured over a temperature range of 83 to 573 K at different heating rates (¢) between 1.50 and 0.17 K/sec [ Fig. 3(a) ]. The glow curve has the three peaks, suggesting the presence of three types of charge traps in Sr 3 Sn 2 O 7 :Nd 3+ . Based on the results shown in Fig. 1(b) , we assign the Nd 3+ ions to the Sr sites, which creates two point intrinsic defects in the host lattice by charge compensation, i.e., from the Nd impurity (Nd Sr ) and the Sr vacancy (V Journal of the Ceramic Society of Japan 125 [7] 591-595 2017 layers and Sr in the SrO planar faults), i.e., similar to other perovskite phosphors.
23) The activation energy E of TL, which corresponds to the depth of the charge traps, can be estimated from the Hoogenstraaten method: The method allows us to calculate the activation energies E peak 1 = 0.16 eV, E peak 2 = 0.47 eV and E peak 3 = 1.4 eV, respectively, which are much larger than the thermal vibration energy of 0.03 eV (300 K), indicating that trapped carriers in lattice defects should be stable at room temperature.
On the basis of the above discussion, we hypothesize the NIR afterglow of Sr 3 Sn 2 O 7 :Nd 3+ arises as follows: (1) Fig. 3(c-III) ]. The NIR afterglow of the ceramic disk was clearly visible in the image recorded with the InGaAs-CCD camera. This enhancement in image contrast arises from the strong NIR-II fluorescence of Sr 3 Sn 2 O 7 :Nd 3+ and the improved transmission of NIR-II wavelengths through the chicken skin [ Fig. 3(c-IV) ]. As with other in vivo imaging systems, we note the image of the 3D disc appears as a 2D distribution of NIR-II photons at the outer surface of the chicken skin. In summary, we described the preparation and physical and spectroscopic properties of Sr 3 ), a consequence of its non-centrosymmetric structure that promotes radiative transitions in Nd
. The theoretical and mechanism driven results of this study could be used to improve the quantum yield of PL in other perovskite-related compounds. Finally, we showed Sr 3 Sn 2 O 7 :Nd 3+ belongs to a small number of probes that emit fluorescence in the NIR-II window for biological imaging. A simple proof of practice demonstration showed the afterglow of the NIR-II emission of Sr 3 Sn 2 O 7 :Nd 3+ derived probes can be used to detect and image internal structures with higher contrast than that possible using steady-state detection image contrast. Further research is required to realize nanoparticle and understand the cytotoxicity in depth.
